Ab initio total-energy density functional theory is used to investigate the low temperature ͑LT͒ monoclinic form of Mg 2 NiH 4 . The calculated minimum energy geometry of LT Mg 2 NiH 4 is close to that determined from neutron diffraction data, and the NiH 4 complex is close to a regular tetrahedron. The enthalpies of the phase change to high temperature ͑HT͒ pseudo-cubic Mg 2 NiH 4 and of hydrogen absorption by Mg 2 Ni are calculated and compared with experimental values. LT Mg 2 NiH 4 is found to be a semiconductor with an indirect band gap of 1.4 eV. The optical dielectric function of LT Mg 2 NiH 4 differs somewhat from that of the HT phase. A calculated thin film transmittance spectrum is consistent with an experimental spectrum.
I. INTRODUCTION
The metallic nickel-magnesium alloy Mg 2 Ni absorbs hydrogen to form semiconducting Mg 2 NiH 4 .
1 Because of its low weight and high hydrogen content, Mg 2 NiH 4 has been intensively investigated both theoretically and experimentally as a hydrogen storage material. Recently, Richardson reported 2 that thin nickel-magnesium films can behave as switchable mirrors. A magnesium-rich Mg-Ni film of sufficient thickness reflects or absorbs all incident light. Upon exposure to gaseous hydrogen or on cathodic polarization in an alkaline electrolyte, the film becomes transparent. 3 On subsequent exposure to air, or when polarized anodically, the film reverts to its original metallic state.
Mg 2 NiH 4 transforms from a high temperature ͑HT͒ cubic structure to a low temperature ͑LT͒ monoclinic phase between 245 and 210°C. 4 Significant structural and electronic differences may exist between the HT and LT phases. Most previous studies, especially theoretical calculations, [5] [6] [7] [8] have concentrated on the simpler HT phase, which has seven atoms per unit cell. The ambient temperature electrochromic application of Mg 2 NiH 4 suggests the need for theoretical investigation of the LT phase, especially of its electronic and optical properties. In this work we use ab initio calculations to investigate the LT Mg 2 NiH 4 (Zϭ8), including the atomic positions, formation enthalpy relative to Mg 2 Ni and HT Mg 2 NiH 4 , electronic band structure, and optical spectrum.
When hydrogen is absorbed by Mg 2 Ni beyond 0.3 H per unit formula, the system undergoes a structural rearrangement to the stoichiometric complex hydride Mg 2 NiH 4 , with an accompanying 32% increase in volume. The primary cell of LT Mg 2 NiH 4 , containing 56 atoms is quite large for ab initio calculation. Calculations for such systems have recently become practical through the advances of algorithms and development of parallel supercomputers. The current study represents our first step towards the direct theoretical investigation of these complex hydride systems via largescale computations.
Garcia et al. 8 studied HT Mg 2 NiH 4 , which contains seven atoms per primary unit cell, using density functional theory. The structure of HT Mg 2 NiD 4 has been studied by neutron diffraction. 9, 10 The metal atoms exhibit an antifluorite arrangement, with NiH 4 units surrounded by Mg at the corners of a cube. The precise location of the deuterium atoms, however, could not be determined. Using a local density approximation ͑LDA͒ of the density functional theory, Garcia et We also compute optical properties of both phases and compare them to an experimental thin film transmission measurement.
We performed calculations using two different computational methods: full potential linear augmented plane wave ͑LAPW͒ and pseudopotential plane wave ͑PW͒. These two methods use different basis sets for the wave functions and treat the real space charge density and potential differently. While LAPW is generally considered to be the more reliable of the two and is often used for transition metal calculations, it scales poorly for larger systems. To test the reliability of the PW method we have first compared the LAPW and PW methods for smaller systems ͑e.g., HT Mg 2 NiH 4 ͒.
II. STRUCTURAL DIFFERENCES BETWEEN HT AND LT Mg 2 NiH 4
The atomic structure of HT Mg 2 NiH 4 has not been completely determined by diffraction methods due both to the incompatibility of the NiH 4 unit with the cubic space group Fm3m and to the relationship between the neutron scattering lengths for Mg and Ni. 11 It is clear, however, that Mg and Ni adopt an antifluorite arrangement, and that all four H atoms surround the Ni atom. Specifically, with Ni at the origin, the hydrogen atoms occupy positions (d cos ␣,0,d sin ␣), (0,d cos ␣,Ϫd sin ␣), (Ϫd cos ␣,0,d sin ␣), and (0,Ϫd cos ␣, Ϫd sin ␣) where d is the nickel-hydrogen bond distance and ␣ is a Ni-H bond bending angle as in Ref. 8 . Using the experimental lattice constant of 6.507 Å, Garcia examined the effect of varying d and ␣ on the total energy using the LAPW program WIEN97. 12 The calculated value of d was 1.548 Å, which compares well with the experimental value for the deuteride, Mg 2 NiD 4 , of 1.49 Å. 10 ␣ was found to be 21.8°. This corresponds to a flattened tetrahedron that is closer to a planar structure than to a regular tetrahedron. This result is illustrated in Fig. 1͑a͒ .
The structural differences between HT and LT Mg 2 NiH 4 ͓Fig. 1͑b͒, Ref. 10, data for the deuteride͔ are substantial. The CaF 2 -type arrangement of the metal atoms is retained, but with considerable distortion. The NiH 4 unit, however, is close to a regular tetrahedron, with Ni-H bond lengths from 1.519 to 1.572 Å ͑average 1.54͒ and H-Ni-H bond angles averaging 109.4°. The eight NiH 4 complexes in each unit cell are crystallographically equivalent, but have four different orientations with respect to the crystal axes.
III. COMPUTATIONAL METHODS
The local density approximation ͑LDA͒ 13,14 was employed to calculate total energies and electronic structures in a manner similar to the work of Garcia.
8 A plane wave ͑PW͒ basis was used to describe the wave functions with a kinetic energy cutoff of 67 Ry. Trouillier-Martins norm conserving pseudopotentials 15 were used to remove the core electrons from the calculations. Kleinman-Bylander nonlocal pseudopotentials in the plane wave code ͑PEtot͒, 16 implemented in real space, were used in the calculations. A conjugategradient algorithm was used to converge the electronic states, 17 and a Pulay-Kerker charge mixing scheme was used to calculate the self-consistent charge density. After the Hellman-Feynman forces of the atoms were calculated, the Broyden-Fletcher-Goldfarb-Shanno ͑BFGS͒ algorithm 18 was used to relax the atomic positions. Since neither Mg 2 Ni nor its hydride is magnetic, 19 we have used LDA instead of the local spin density approximation. To compare the total energies for different crystal structures, we have used an equivalent k-point sampling scheme. 20 This guarantees that different structures are treated equivalently. Specifically, we have used 4ϫ4ϫ4, 2ϫ2ϫ2, and 4ϫ4ϫ4 MonkhorstPack k-point grids for Mg 2 Ni, LT Mg 2 NiH 4 , and HT Mg 2 NiH 4 , respectively. After application of symmetry operations, these correspond to 14, 8, and 16 reduced k points. Since Mg 2 Ni is a metal, its k-point density is higher than of HT or LT Mg 2 NiH 4 . To calculate the density of states and optical properties, the converged systems were recalculated using denser k-point grids: 6ϫ6ϫ6 for Mg 2 Ni, 4ϫ4ϫ4 for LT Mg 2 NiH 4 , and 8ϫ8ϫ8 for HT Mg 2 NiH 4 . The tetrahedral interpolation method 21 was used to integrate over the first Brillouin zone based on the results from the above k-point grids. The imaginary part of the dielectric constant was obtained by considering direct electronic transitions. 22 The Kramers-Kronig relations yield the real part of the dielectric constant. We computed the directional average of the dielectric constant for comparison with a polycrystalline thin film.
The computer program PEtot 23 was used in the current calculation. It is parallelized based on a distribution of the plane wave coefficients to different processors. 24 Using an efficient parallelized fast Fourier transformation ͑FFT͒ subroutine, the program was run on 100 processors using a Cray T3E at the National Energy Research Scientific Computing Center ͑NERSC͒ at Lawrence Berkeley National Laboratory. Thousands of processor hours were required to optimize the atomic structure of LT Mg 2 NiH 4 . 
IV. CRYSTAL STRUCTURE AND ENERGY MINIMIZATION A. HT Mg 2 NiH 4
Here we have repeated the calculation of Garcia et al., but instead of using the LAPW method, we use the pseudopotential PW method. For electronic structure calculations involving transition metals, LAPW methods are used more often than pseudopotential PW methods and are considered to be more reliable. The LAPW method ͑including the WIEN97 code͒, however, does not scale favorably with the size of the system and the number of the processors in a parallel machine. Thus we found it more efficient to study LT Mg 2 NiH 4 using the pseudopotential PW method. This required us to use a high kinetic energy cutoff ͑67 Ry͒ for the PW basis. We calculated the energies of the three structures with different NiH 4 configurations considered in Ref. 8 . The results are compared with Garcia's LAPW results in Table I . The tetrahedral structures were optimized according to their total energies. The energy orders of the three structures are the same for LAPW and PW calculations: distorted tetrahedral is lowest, followed by undistorted tetrahedral, and then by square planar. For the distorted tetrahedral structure, the geometries from LAPW and PW are very similar: LAPW gave 1.548 Å, 21.8°for d and ␣, while PW gave 1.561 Å and 23.6°. While there is some disagreement in the energy differences between structures calculated by the two methods, we believe the PW method is adequate for this application. Note that there are considerable uncertainties in the experimental determination of the LT structure, much like in the HT case. Therefore theoretical ab initio calculations can be very useful here.
B. LT Mg 2 NiH 4
No previous ab initio structural calculations of LT Mg 2 NiH 4 appear to have been performed. This is probably because of the high computational requirement to relax a system with 56 atoms and 20 independent degrees of freedom. Starting with the experimental atomic positions 25 and fixing the lattice constants of the unit cell, we minimized the energy by first relaxing the hydrogen atoms, then relaxing all atoms in the structure. Because the atoms started relatively far from their minimum energy positions and because of the large system size, this computation required dozens of line iterations and thousands of processor hours to complete. While the only constraint on atomic motion was the preservation of inversion symmetry, the relaxed atomic positions maintained space group C2/c. Relaxation reduced the energy of LT Mg 2 NiH 4 by 0.059 eV/formula unit from the experimental structure. In Table II the relaxed atomic positions are compared with the experimental ͑initial͒ values. The overall structure of LT Mg 2 NiH 4 was preserved, with no change in symmetry. The maximum shift in atom position is about 0.14 A for H, 0.06 A for Ni, and 0.12 A for Mg. The NiH 4 unit in the minimum energy configuration is nearer to a regular tetrahedron than in the experimental structure, with a narrower range of Ni-H distances and angles ͑Table III͒.
C. Mg 2 Ni
We also calculated the atomic structure of Mg 2 Ni for use in calculating the enthalpy of formation of Mg 2 NiH 4 . Although Garcia et al. calculated a hypothetical cubic antifluorite form of Mg 2 Ni, there appear to be no previous ab initio calculations for the hexagonal form. This is a layered structure with 12 Mg atoms and 6 Ni atoms per cell as shown in Fig. 2 . There are six layers parallel to the xy plane per unit cell. Every other layer contains nickel atoms, occupying the fixed 3b and 3d lattice sites of space group P6 2 22 and forming chains of strongly bonded Ni atoms. The Mg atoms occupy lattice sites 6i and 6 f , whose locations are determined by the free parameters x and z, respectively. Starting with the experimentally determined atom positions 26 and fixing the lattice constants, we minimized the total energy with respect to the Mg atom positions. Table IV shows that the PW minimum energy configuration is nearly identical to the structure obtained by neutron diffraction and that relaxing the atomic positions had little effect on the total energy.
V. ENTHALPY CALCULATIONS

A. Enthalpy of LT to HT phase transformation
A moderate amount of heat is required to convert the monoclinic LT phase of Mg 2 NiH 4 to the cubic HT phase. The enthalpy of this phase change can be calculated by taking the difference of the computed energies of each phase. Comparing the unrelaxed ͑experimental͒ LT Mg 2 NiH 4 structure with the LDA minimum energy configuration of the HT phase yields ⌬Hϭ0.325Ϯ0.03 eV per formula unit. The uncertainty reflects the estimated convergence of the energy difference with respect to the plane-wave cutoff energy ͑compared to a 85 Ry cutoff calculation͒ and the number of k points ͑compared to a 3ϫ3ϫ3 LT k-point grid calculation͒. If we include the energy change in LT Mg 2 NiH 4 upon atomic relaxation we obtain ⌬Hϭ0.385 eV per formula unit.
Experimental values vary from ⌬Hϭ0.068 to 0.086 eV per formula unit, 27 much smaller than the calculated value. One possible explanation for this discrepancy is that the HT structure considered by Garcia et al. is not the lowest energy cubic Mg 2 NiH 4 structure. In the LT structure of Mg 2 NiH 4 , the eight NiH 4 complexes have four different orientations, 25 while the symmetry assumed for the HT structure forces all NiH 4 units to have the same orientation. Neutron scattering data 28 indicate that the positions of the hydrogen atoms in the HT phase fluctuate around the central Ni atom with a time scale of 10 Ϫ11 s. It therefore seems possible that a lower energy HT phase could be formed by expanding the unit cell and allowing the NiH 4 units to assume different spatial orientations.
B. Enthalpy of hydrogen absorption
The heat of formation of Mg 2 NiH 4 from H 2 and Mg 2 Ni can also be calculated. We computed the energy of H 2 gas by using a 6.3 Å cubic supercell containing two H atoms separated by 0.741 Å. The computed enthalpy of hydrogen absorption to form ␣ϭ21.8°HT Mg 2 NiH 4 is ⌬Hϭ Ϫ2.06 eV per formula unit. Relaxing the atomic positions using the PW method changes this value by only 0.01 eV ͑Table I͒. Experimental enthalpies range from ⌬Hϭ Ϫ0.0980 to Ϫ1.36 eV per formula unit.
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VI. ELECTRONIC STRUCTURE AND OPTICAL PROPERTIES
A. Electronic structure of Mg 2 NiH 4
The calculated band structure of LT Mg 2 NiH 4 is shown in Fig. 3͑a͒ . K1 represents the Brillouin zone edge along the reciprocal lattice vector corresponding to the long axis (a 0 ), while K2 is the Brillouin zone edge in the direction of the unique monoclinic axis. The band structure of cubic ration, calculated using the PW method, is shown in Fig.  3͑b͒ . The latter is nearly identical to the LAPW structure in Ref. 8 . Note that the band gaps in these two structures are almost the same, while that of the minimum energy HT Mg 2 NiH 4 structure is zero. 8 The density of states for LT Mg 2 NiH 4 and undistorted tetrahedron HT Mg 2 NiH 4 are plotted in Fig. 4 . In both cases, there are four low-lying bands per formula unit. These are H states and they are separated by a gap from another five occupied bands. These five bands are the Ni 3d bands. The Mg 3s bands are unoccupied, indicating that each Mg donates two electrons to the NiH 4 complex. Both LT Mg 2 NiH 4 and undistorted tetrahedron cubic Mg 2 NiH 4 are indirect semiconductors. In LT Mg 2 NiH 4 , the indirect gap occurs halfway between ⌫ and K2 in the conduction band, while in undistorted tetrahedron cubic Mg 2 NiH 4 , the indirect transition is from valence band ⌫ point to conduction band X point. The lower conduction bands are Ni 4s orbitals plus some components of Mg 3s orbitals for both systems. The similarity of these two systems demonstrates that the electronic structure is mainly controlled by the isolated NiH 4 complex. The interaction between NiH 4 pairs and the presence of Mg 2ϩ ions play only minor roles.
B. Optical properties of Mg 2 NiH 4 1. Imaginary dielectric constant
In Fig. 5 the imaginary part of the dielectric constant ( 2 ) is plotted as a function of photon energy for both HT and LT configurations. For the HT phase, we show the results for the three NiH 4 configurations: square planar, distorted tetrahedron ͑lowest energy͒, and undistorted tetrahedron. Because the calculations do not include Drude absorption, they underestimate the low-energy value of 2 for the metallic square planar hydrogen configuration. The other three structures have optical band gaps ranging from 1.9 to 2.4 eV; experimental measurements range from 1.3 to 2.0 eV. 20, [29] [30] [31] As the band gaps are indirect, the optical band gap is larger than the indirect band gaps shown in Figs. 3 and 4 . In contrast to the HT cubic phases where 2 rises from zero abruptly, 2 for the LT structure has a shoulder extending to its indirect band gap. This is due to the lower symmetry of the LT structure, which makes the forbidden transition in the HT case allowed. This shoulder accounts for the 0.5 eV lower optical band gap of LT Mg 2 NiH 4 as compared with HT Mg 2 NiH 4 with undistorted tetrahedral NiH 4 geometry.
Thin film transmittance
We compared the computed optical properties with measurements of the transmittance of a thin film of Mg 2 NiH 4 . A 1.0 m thick Mg 2 Ni film was prepared on a fused silica substrate by cosputtering of Ni and Mg.
3 A 10 nm Pd overlayer was added to catalyze hydrogen absorption. Exposure to gaseous hydrogen converted the film to Mg 2 NiH 4 and caused it to expand to 1.3 m in thickness. The measured transmission of the thin film and a calculated spectrum using the dielectric functions in Fig. 5 are shown in Fig. 6 . The sample is too thick to reveal features above the optical band gap, thus we will concentrate on the lower energy region. The overall agreement between the measured and modeled transmissions might not look good at first glance. This is probably due to the complexity of our sample and the simplicity of our model. The thin film transmission below the band gap is much lower than the modeled absorption because opaque imperfections in the film partially block the transmission beam. The amplitude of the oscillations in the measured transmission is much smaller than that in the modeled one, which may be due to surface roughness, which reduces the experimental amplitude of the interference fringes. Nevertheless, there are some important features that can be compared between the measured and modeled spectra. The optical band gap of the thin film lies between the band gaps of the two cubic structures and fits the LT structure best. Between 1.3 and 1.65 eV, both the experimental data and the LT structure model go through three fringes. Because the optical path length of the sample determines the frequency of these fringes, we believe the real part of the calculated dielectric constant to be approximately correct in this region.
VII. CONCLUSIONS
The recent discovery of electrochromism in LT Mg 2 NiH 4 highlighted the need for ab initio calculations on this compound, especially for its optical properties. Such a study is possible due to recent advances in computational algorithms and large-scale parallel computers. Comparing the PW results with the LAPW results, we found that the two methods placed three atomic configurations of HT Mg 2 NiH 4 in the same order according to total energy. The PW method is shown to be a reliable and efficient method to study complex systems like LT Mg 2 NiH 4 .
Our calculated minimum energy atomic positions are close to the experimental values for LT Mg 2 NiH 4 . The maximum position difference is about 0.14 Å. The NiH 4 complex is a near perfect tetrahedron. This is in contrast with the cubic HT Mg 2 NiH 4 structure, where a flattened tetrahedron is found. This difference may be due to the different Madelung energies from the surrounding Mg 2ϩ ions in the HT and LT phases ͑Fig. 1͒. In turn, the shape of the NiH 4 moiety determines the electronic structure and optical properties of the system. The calculated minimum energy structure of Mg 2 Ni also matches the experimental structure quite well.
The calculated LT Mg 2 NiH 4 to HT Mg 2 NiH 4 transition enthalpy is considerably larger than reported experimental values. The calculated enthalpy of hydrogen absorption by Mg 2 Ni is also somewhat larger than expected. Possibly the hypothetical cubic structure is not the lowest energy HT structure. More extensive calculations involving a superlattice might yield a lower energy HT structure.
The electronic structure of LT Mg 2 NiH 4 resembles that of cubic Mg 2 NiH 4 with an undistorted tetrahedral hydrogen configuration. It is a semiconductor with an indirect band gap of 1.4 eV. The lower symmetry of LT Mg 2 NiH 4 produces a shoulder in its dielectric constant that does not appear in the HT phase. This reduces the optical gap by about 0.5 eV compared to that of the HT Mg 2 NiH 4 with an undistorted tetrahedral NiH 4 . The transmission spectrum of a thin film of Mg 2 NiH 4 at room temperature is consistent with the calculated LT spectrum.
